(1-3). The haploidentical/mismatch-related HSCT has been limited by the high risk of severe graft-versus-host disease (GVHD), graft rejection, and life-threatening infections (4). Alloreactive donor T cells, which recognize MHC-mismatched host cells and primarily target the skin, gut, and liver, play a crucial role in the induction of GVHD (5). Although conventional immunosuppressive drugs and/or T cell depletion of the graft represent cardinal therapeutic approaches to prevent and treat GVHD, 30 -70% of recipients suffer from GVHD after HSCT despite the application of immunosuppressive drugs (6). Despite the decreased incidence of GVHD, T cell depletion has been associated with an increased incidence of graft failure, tumor relapse, and opportunistic infections (7). Natural killer (NK) cells, a major effector cell of innate immunity, are known to display strong cytolytic activity against tumor or virally infected cells (8). Alloreactive NK could eliminate leukemia relapse and graft rejection and protect recipients against GVHD, providing a powerful tool for enhancing the efficacy and safety of allogeneic HSCT (9 -11). The pretransplant infusion of alloreactive NK cells obviated the need for high intensity conditioning and reduced GVHD. Cellular therapy for GVHD and graft-versus-leukemia has attracted much attention. Mesenchymal stromal cells (MSCs), which exist in bone marrow, exhibit the greatest potential for such therapy. It has been demonstrated that human, baboon, and murine MSCs not only fail to elicit allogeneic or xenogeneic T cell response, but are also able to exert an immunosuppressive effect on T cell activation and proliferation stimulated by alloantigen, mitogen, and CD3/CD28 antibody in vitro (12). In accordance with these in vitro studies, the administration of MSCs has been found to be efficacious in protecting against GVHD in several animal models and clinical trials (13-16).
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mice haploidentical stem cell transplantation and the possible mechanism of this effect.
EXPERIMENTAL PROCEDURES
Mice-Male C57BL/6 (H-2 b , donor) mice and female (B6ϫBALB/c) F1 (H-2 b/d , recipient) mice were purchased from the Experimental Animals Center at the Third Military Medical University (qualified certification number: CQA 0101015# and 0103017#, Chongqing, China). All mice were used at 8 -10 weeks of age and housed under standard conditions. The experimental protocol used in this study was approved by the Animal Care Committee of the University and was in agreement with the "Guide for the Care and Use of Laboratory Animals" published by the National Institutes of Health.
Isolation and Culture of hUCBDSCs-Full-term hUCB samples were harvested with the informed consent of mothers. This study was approved by the local ethical committee. Cell culture was performed according to our previous report (19) . Briefly, the mononuclear cell fractions were separated on Percoll density-gradient fractionation columns (density ϭ 1.077 g/liter; Pharmacia Biotech) after depleting red blood cells through 6% gelatin sedimentation. The CD34 ϩ cells, separated from mononuclear cells using the magnetic cell-sorting system (Miltenyi Biotec, Bergisch Gladbach) were cultured using standard Dexter complete medium (i.e. DMEM (Invitrogen) supplemented with 12.5% fetal bovine serum (Hyclone), 12.5% horse serum (Invitrogen), 10 -6 M/liter hydrocortisone, 10 ng/ml SCF (Sigma), and 1 ng/ml basic fibroblast growth factor (Sigma)). The culture medium was replaced 48 h later, and thereafter, half of the amount was changed weekly. The cells were passaged at a ratio of 1:2 after growing to 80% confluence.
Isolation and Culture of Human Bone Marrow Stromal Cells (hBMSCs)-The bone marrow was taken from healthy volunteers, and then the mononuclear cell fractions were separated as above and cultured using DMEM. The culture medium was replaced 48 h later and, thereafter, half of the amount was changed weekly. The cells were passaged at a ratio of 1:2 after growing to 80% confluence.
Preparation of Mice Bone Marrow Cells and SplenocytesThe mice bone marrow cells (BMCs) were flushed from both the femora and tibiae with RPMI 1640 medium. The suspension was passed through a 40-m filter to remove clumps and washed twice by centrifugation at 1000 rpm for 5 min in PBS. The BMCs were then resuspended in RPMI 1640 medium.
The spleens were aseptically obtained from a C57BL/6 (H-2 b ) donor mouse. The spleen single-cell suspension was prepared by gently grinding and filtering the spleens through nylon mesh (40-m-diameter pores). Following the lysis of red blood cells with Tris-NH 4 Cl solution and two washes with PBS, the SPCs were resuspended in RPMI 1640 medium and cultured for 24 h. The nonadherent cells were then obtained for the next experiment.
Proliferative Assays-1 ϫ 10 5 nonadherent SPCs from the C57BL/6 mouse were seeded in triplicate onto 96-well plates in 200 l of complete RPMI 1640 medium. The following five groups were performed: simple culture with SPCs alone (control group), the last concentration 2 g/liter PHA with SPCs (PHA group), 1 ϫ 10 6 hUCBDSCs/well with SPCs, 1 ϫ 10 6 hUCBDSCs with SPCs in the presence of rhIL-2 (1000 units/ ml) and 1 ϫ 10 6 hUCBDSCs with SPCs in the presence of the supper serum of cultured hUCBDSCs. Seven days later, cell proliferation was determined using cell counting kit-8 (CCK-8; Dojindo, Japan). Briefly, the cultured SPCs were collected and seeded onto 96-well plates in 200 l of complete RPMI 1640 medium. Subsequently, 20 l of CCK-8 solution was added to each well, which was then incubated for another 4 h. A values were tested at a wavelength of 450 nm using a microplate reader. For each group, three plates were made, and three experiments were conducted.
Cell Cycle-The SPC were cultured with or without hUCBDSCs for 7 days. The SPCs were then collected and stained with propidium iodide (Sigma). Nuclei were analyzed with flow cytometry (FACScalibur; BD Biosciences). The percentage of cells at each phase of the cell cycle was estimated from their DNA content histograms.
Cell Co-culture-Nonadherent SPCs from the male C57BL/6 mice (1 ϫ 10 5 /well) were plated on 12-well plates in the absence or presence of hUCBDSCs and hBMSCs (1 ϫ 10 6 /well). Seven days later, nonadherent cells were collected for the determination of CD3 T cells and CD49b NK cells using flow cytometry. The supper serum was collected for the determination of IFN-␥ and IL-4 using an enzyme-linked immunosorbent assay (ELISA).
Mouse Haploidentical HSCT and Evaluation of aGVHDRecipient (B6ϫBALB/c) F1 mice were irradiated with a single dose of 7.0 Gy using a 60 Co ␥-ray source at a dose rate of ϳ0.5 Gy/min. Subsequently, 1 ϫ 10 6 BMCs and 1 ϫ 10 6 SPCs from donor C57BL/6 mice with or without 1 ϫ 10 6 hUCBDSCs were injected intravenously into each recipient mouse within 4 h after conditioning. Nongrafted irradiated mice served as controls. Each group included 20 mice. Survival was monitored daily, and the body weights and appearance of the mice were measured weekly. The degrees of clinical aGVHD were assessed using a scoring system (20) . A clinical index was obtained by adding the scores of five parameters: weight loss, posture, activity, fur texture, and skin integrity. Each parameter was graded from 0 to 2, and the maximum index was 10.
For histological examination, the mice were sacrificed on day 30. Tissue samples from the skin, liver, and small intestine were harvested, fixed in 4% formaldehyde solution, embedded in paraffin, and stained with H&E. The intensity of aGVHD was blindly assessed. The aGVHD histopathological scoring was conducted according to previous reports (21) . The severity of aGVHD for the liver and small intestine was graded from 0 to 4. Skin was scored on a scale of 0 to 3. The final aGVHD histopathological score was the sum of these three parameters.
Flow Cytometry-The monoclonal antibodies phycoerythrin anti-mouse CD3 and PE anti-mouse CD49b were purchased from eBioscience. Mice were either sacrificed on day 7, 14, and 21 after transplantation.
The expression of CD3 and CD49b in the spleen of recipients was tested by flow cytometry. Briefly, the splenocytes were generated according to the above-mentioned method. The splenocytes were then incubated at 4°C for 30 min with antibodies against CD3 and CD49b. Equal aliquots of cells were labeled with isotype monoclonal antibodies to determine nonspecific reaction. Finally, cells were washed and assayed using flow cytometry.
ELISA Assay-Mice were sacrificed on day 7, 14, or 21 after transplantation, and the serum was collected. IFN-␥ and IL-4 were detected by ELISA according to the manufacturer's protocol. For each group, this detection was performed three times.
Tracking of hUCBDSCs-The cultured hUCBDSCs were washed with PBS. Subsequently, 1 ϫ 10 6 hUCBDSCs were incubated for 5 min at 37°C and then for an additional 15 min at 4°C with 1 l CM-DiI dye. The cells were washed with PBS and suspended in fresh medium with 1 ϫ 10 7 /ml. As described above, 1 ϫ 10 7 labeling hUCBDSCs were infused into the haploidentical transplantation mice. Cryostat slides were prepared from the skin, liver, intestine, kidney, spleen, and lung of the recipients on day 3, 7, 14, and 21 after transplantation. The fluorescence photos were taken immediately.
Analysis of Chimerism-Four weeks after transplantation, the peripheral blood cells were analyzed to determine the number of recipient-or donor-type cells by flow cytometry. Briefly, the peripheral blood was incubated with phycoerythrin-labeled anti-mouse H-2 d and fluoresceine isothiocyanate-conjugated anti-2 b mAb, followed by hemolysis using BD PharM Lyse (BD Biosciences). The stained cells were analyzed using FACScan (BD Biosciences). The percent donor chimerism is defined as donor/(donor ϩ host) ϫ 100%.
Statistical Analysis-The results are expressed as mean Ϯ S.E. Statistical evaluation was performed using Student's t-tests with SPSS software (version 10.0). The survival curve was derived using a Kaplan-Meier analysis, and the survival rate and mortality were analyzed using a log-rank test. A significance level of p Ͻ 0.05 was used.
RESULTS
Growth Characteristics of hUCBDSCs-The cultured cells appeared as small fusiform, triangular, or spherical cells in the early phase. As the culture time increased, these cells gradually became larger. At 8 -12 days, the stromal cell colonies began to emerge, and the maximum of colonies was achieved at 14 -17 days (Fig. 1A) . At 20 -28 days, the stromal cells increased significantly and filled the base of the Petri dish. Using an inverted microscope, it was observed that the hUCBDSCs were differentiated into three types: fibroblast-like cells (56 -60%), macrophage-like cells (34 -36%), and small, sphere-like cells (3-5%; Fig. 1B ). After subculture, the cell morphology tended to be uniform. Fibroblast-like cells were the most frequent type, whereas the number of macrophage-like cells and smallsphere-like cells was greatly decreased (Fig. 1C) .
Proliferation Assay of SPCs-The hUCBDSCs promoted the proliferation of SPCs; there are differences between the PHApositive group and hUCBDSCs group (p Ͻ 0.05), and their role for hUCBDSCs was much stronger. When they were combined with recombinant human IL-2 (p Ͻ 0.05); however, the role of proliferation was not detected by the culture supernatants of hUCBDSCs ( Fig. 2A) . The trypan blue staining indicated that the cell viability was 97% Ϯ 2.1%. From the calibration curve, we calculated that the cell numbers were about 8-, 6-, and 12-fold for the PHA group, hUCBDSCs group, and hUCBDSCs ϩ rhIL-2 group, respectively (Fig. 2B) . We further examined the cell cycle of SPCs by flow cytometry. The hUCBDSCs signifi- cantly increased the ratio of the S phase and G 2 /M phase of the SPCs co-cultured for 7 days (p Ͻ 0.05; Fig. 3) . (Fig. 6A) . Furthermore, we observed a change of bone marrow after 7 days of irradiation. The hematopoietic tissues were extremely rare in the mice that received 8.0 Gy 60 Co ␥-ray. Although the hematopoietic tissues decreased in other mice, this decrease was not obvious, and all of the mice experienced hematopoietic recovery after 14 days. However, the hematopoietic tissues in the mice that received 7.0 Gy were the smallest relative to the mice that received 5.0, 6.0, and 7.0 Gy 60 Co ␥-ray (Fig. 6B) . Therefore, we selected the 7.0 Gy 60 Co ␥-ray as the sublethal irradiation dose.
Expression of CD3 T Cells and CD49b NK Cells and Cytokines in in Vitro
In this study, there were four groups: group A, the normal mice; group B, irradiated without treatment; group C, irradiated and treated with BMCs and SPCs; and group D, irradiated and treated with BMCs, SPCs, and hUCBDSCs. All of the mice in group A survived more than 30 days. 2 of the 20 mice in group B died within 30 days. 7 of the 20 mice in group C died within 30 days, and 4 mice died in group D. All the mice in group C developed moderate to severe aGVHD clinical signs such as weight loss, hunched posture, and ruffled fur, and 80% of the mice survived for 30 days. However, the percentage of survival in group D was significantly higher (23%) compared with group C (p Ͻ 0.05; Fig. 6C ). The aGVHD clinical scores of group D were also significantly lower than those of group C on days 7, 14, 21 and 28 after transplantation (p Ͻ 0.05; Fig. 6D ). On day 28 after transplantation, three mice in each group were humanely sacrificed to observe lymphocytic infiltration and cell damage in aGVHD target organs such as the skin, liver, and small intestine. Meanwhile, the aGVHD histopathological score was evaluated as previously described. The aGVHD histopathological score in group D was significantly lower than that in group C (p Ͻ 0.05), indicating that the infusion of hUCBDSCS may decrease the severity of aGVHD in mice subjected to haploidentical stem cell transplantation (Fig. 6E) .
Donor Chimerism-The proportion of chimerism was 74.95 Ϯ 3.20% in the BMT ϩ hUCBDSCs group, which was higher than that of the BMT group (64.27 Ϯ 3.68%) at 28 days post-transplantation (p Ͻ 0.05).
Effect of hUCBDSCs in Vivo-We tested the expression of CD49b NK and CD3 T cells from the spleen by flow cytometry and the IL-4 and IFN-␥ in the serum of mice by ELISA at the indicated time points after haploidentical stem cell transplantation. The CD3 T cells were decreased in both groups and reached the lowest point on day 14, after which they gradually increased; however, the level of decrease was much lower in the BMT ϩ hUCBDSCs group than in the simple BMT group (Fig.  7A) . The NK cells were increased in both groups and reached their highest point on day 7, after which their expression grad- ually decreased in the BMT ϩ hUCBDSCs group but continually increased in the BMT group. However, the level of NK cells was higher in the BMT ϩ hUCBDSCs group than in the simple BMT group throughout the experiment (Fig. 7B) .
The expression of IL-4 and IFN-␥ continually increased in both groups and reached its highest point on day 14, after which their expression decreased. However, the increase of IL-4 was much higher in the BMT ϩ hUCBDSCs group than in the simple BMT group, and the increase of IFN-␥ was much lower in the BMT ϩ hUCBDSCs group than in the simple BMT group (p Ͻ 0.05; Fig. 8) .
Tracking of hUCBDSCs-The hUCBDSCs marked with CM-DiI shifted to all tissues/organs in the early phase in mouse haploidentical hematopoietic stem cell transplantation and reached the highest point in the spleen and intestine on day 3 and in the bone marrow, skin, liver, lung, and kidney at day 7. A slight decrease was then observed in the bone marrow, skin, liver, spleen, and intestine, but a high level of hUCBDSCs was continually observed. However, a significant decrease was observed in the kidney and lung (Fig. 9) .
DISCUSSION
GVHD is the immune response of donor T lymphocytes responding to the recipient's alloantigens. Cellular and cytokine mechanisms primarily drive GVHD. Selective T cell depletion was used to prevent GVHD without causing immune deficiency. Other cells in the graft, such as NK cells, regulatory T cells, and MSCs, can also retain immune capability without causing GVHD (22) . During the elimination or suppression of GVHD, it is very important to preserve GVL, which contributes to the cure of hematological malignancies in allogeneic HSCT.
The hBMSCs are well studied with regard to their immunomodulatory function in vitro and in vivo. Previous studies have shown that hBMSCs possess the capability of suppressing human T cell proliferation in vitro that is induced by alloantigens, mitogens, and CD3 and CD28 antibodies (23, 24) . To exploit the immunomodulatory function of hBMSCs, cultureexpanded hBMSCs have been experimentally infused into patients to prevent GVHD. The patient was completely cured after repeated administration of MSCs derived from his mother (13) . Subsequently, a multicenter clinical trial demonstrated the effectiveness of hBMSCs infusion in the treatment of GVHD (25) .
However, bone marrow collection is an invasive procedure, and the number and expansion capacity of bone marrow MSCs decline with age. Furthermore, the underlying mechanisms of hBMSCs immunosuppression in vivo remain unclear. Because hUCB has many advantages, such as its simple and safe procurement and its high frequency of immature stem and progenitor populations, it is the most attractive source of MSCs. A novel population of adherent spindle-shaped fibroblastoid cells from CD34 ϩ cells in the hUCB, called hUCBDSCs, has been successfully isolated and cultured in vitro by our laboratory (17) . A previous study confirmed the hematopoiesis-supporting properties of hUCBDSCs in vitro (17) . We also found that hUCBDSCs exerted similar immunomodulatory effects on xenogeneic T cells and allogeneic T cells in vitro (18) .
In the present study, we found that hUCBDSCs promoted the proliferation of SPCs. However, another study showed that MSCs suppressed the proliferation of lymphocytes (26) . The reason for this discrepancy may be that the other study was performed using purified T lymphocytes, whereas we utilized whole spleen lymphocytes. Many studies have shown that the role of T suppression of MSCs may play through the secreted cytokines. In the current study, we did not observe this mechanism for hUCBDSCs. We also detected the cell cycle of co-cultured SPCs. The results showed that the SϩG 2 /M phase was much higher in hUCBDSCs than in the simple cultured group, which further supported our proliferation assays. Many studies have shown that MSCs suppress the proliferation of T and B lymphocytes and enhance the expression of NK (27, 28) . The change of the co-cultured SPC was explored in the current study. Our study showed that the hUCBDSCs significantly decreased the expression of T lymphocytes and promoted the expression of NK cells. This effect was more significant than that of hBMSCs, indicating that hUCBDSCs may be more effective in immunoregulation. Cytokines, which are currently being explored as a method of enhancing GVL while minimizing the risk of GVHD, have the ability to enhance certain cellular subsets, such as regulatory T cells, after transplantation (29) . IL-4 decreased GVHD and IFN-␥ increased GVHD. We also examined the expression of cytokines in vitro. Our study showed that hUCBDSCs significantly decreased the expression of IFN-␥ and promoted the expression of IL-4. Co-infusion of MSCs reduced the incidence of graft and enhanced the numbers and activity of NK cells (30, 31) . Interestingly, a reduced incidence of aGVHD has also been observed in HLA-identical HSCT when NK recovery was rapid after HSCT (32) . Our results in vitro showed that hUCBDSCs may suppress GVHD and preserve GVL. We further explored the function of hUCBDSCs in haploidentical stem cell transplantation in sublethally irradiated mice. Our study showed that hUCBDSCs significantly decreased the mortality and prolonged the survival time of mice. The degree of aGVHD was much lower in the hUCBDSC group than in the groups without hUCBDSCs. The hUCBDSCs significantly deleted the expression of T lymphocytes and promoted the expression of NK cells. The hUCBDSCs inhibited the expression of IFN-␥ and promoted the expression of IL-4.
After being infused into experimental animals, MSCs improve the outcome of renal, neural, and lung injury and prolong survival of skin allografts (33) . MSCs may be immunosuppressive in vivo as they reverse severe steroid-resistant acute GVHD of the gut and liver (13) . Our study in vitro and in vivo showed that hUCBDSCs suppress GVHD and preserve GVL. The movement of hUCBDSCs is unclear in haploidentical transplantation. We further tracked the movement of hUCBDSCs by labeling them with CM-DiI. The continued expression of hUCBDSCs was detected in the bone marrow, spleen, and target organ of GVHD, which further testifies to the role of hUCBDSCs in the regulation of GVHD.
In conclusion, the results of previous studies have been controversial with regard to the prophylactic and treatment effect The hematopoietic tissues were extremely rare in the mice that received 8.0 Gy 60 Co ␥-ray irradiation. Although the hematopoietic tissues decreased in other mice, this decrease was not obvious. All of the mice experienced hematopoietic recovery after 14 days. However, the hematopoietic tissues in the mice that received 7.0 Gy were the least relative to the mice that received 5.0, 6.0, and 7.0 Gy 60 Co ␥-ray irradiation. Scale bars, 10 m C, Kaplan-Meier curve for mice after transplantation. All of the mice from untreated group survived more than 30 days. 2 of 20 mice died within 30 days for total body irradiation group. 7 of the 20 mice in the BMC group died within 30 days, and 4 mice died in BMT ϩ hUCBDSCs group. All the mice from the BMT group developed moderate to severe GVHD clinical signs such as weight loss, hunched posture, and ruffled fur, and 80% of the mice survived for 30 days. However, the percentage of survival in the BMT ϩ hUCBDSCs group was significantly increased (23%) compared with BMT group (p Ͻ 0.05). D, clinical scores after transplantation. The GVHD clinical scores of BMT ϩ hUCBDSCs group were significantly lower than those of BMT group on days 7, 14, 21, and 28 after transplantation (p Ͻ 0.05). E, histopathological score after transplantation. The histopathological score in BMT ϩ hUCBDSCs group was significantly lower than that in BMT group (p Ͻ 0.05). 20 mice were used in each group, and 3 mice were used at each time point. of MSCs on aGVHD. The cell type, cell dose, animal model, administration timing, and evaluation system might account for these differences. Our results showed that hUCBDSCs decrease the incidence and severity of aGVHD in mice haploidentical stem cell transplantation. This effect may be due to the promotion of the proliferation of mice SPCs via the suppression of T lymphocytes and the consequent enhancement of NK cells and IFN-␥ and IL-4 expression. The function of enhanced NK in vitro and in vivo requires in-depth research.
